The oxidative burst is likely the most rapid defense response mounted by a plant under pathogen attack, and the generated oxidant species may be essential to several subsequent defense responses. In our effort to characterize the signal-transduction pathways leading to rapid H202/O2 biosynthesis, we have examined the role of protein phosphorylation in this resistance mechanism. K-252a and staurosporine, two Elicitors. An OGA fraction that elicits H202 production in soybean cell suspension cultures was purified, as described (21). The preparation used in this study contained 0.5 mg of galacturonic acid equivalents per ml, as determined by the method of Blumenkrantz and Asboe-Hansen (25).
Protein phosphorylation has been demonstrated to regulate a myriad of processes in both the plant and the animal kingdoms. In the plant kingdom, protein phosphorylation appears to participate in hormone signaling (1) (2) (3) , leaf and flower development (4), photosynthesis (5) , blue-light responses (6) , and even pollen self-incompatibility reactions (7) . More recently, evidence for phosphorylation changes in plant defense signaling pathways has been mounting, suggesting that phosphatases and kinases may act as second messengers in disease-resistance mechanisms also. For example, Grosskopf et aL (8) have demonstrated that elicitors of phenylalanine ammonia-lyase and ethylene production elicit rapid changes in protein phosphorylation in tomato cells. Furthermore, they have shown that serine/threonine kinase inhibitors not only block elicitorinduced phosphorylation changes but also eliminate the induced plant defense responses (9) . Second, Kauss and coworkers (10) found that protein-kinase inhibitors decrease elicitorinduced Ca2+ uptake and K+ release but increase coumarin synthesis in parsley cells. Third, fungal elicitors derived from Phytopthora megasperma f. sp. glycinea trigger rapid changes in protein phosphorylation and induction of phytoalexins in parsley (11) and soybean cultures (12) . Additionally, oligogalacturonides (degree of polymerization = 14-15) that induce proteinase inhibitors I and II have also been shown to elicit phosphorylation of a 34-kDa soybean plasma-membrane pro-
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. tein (13) . Most significantly, a resistance gene (Pto R) that specifies resistance to Pseudomonas syringae pv. tomato has been cloned and shown to be a serine/threonine kinase with homology to other known plant and animal kinases (14) . A (21) . When an elicitation study was to be conducted, 9 ml of filtered cells were transferred to 100 ml of fresh medium and allowed to grow for approximately 36 h before use, unless stated otherwise.
Elicitors. An OGA fraction that elicits H202 production in soybean cell suspension cultures was purified, as described (21) . The preparation used in this study contained 0.5 mg of galacturonic acid equivalents per ml, as determined by the method of Blumenkrantz and Asboe-Hansen (25) . (22, 23) . Briefly, a 1.5-ml cell suspension was treated with 7 OGA alone (A), OGA and K-252a simultaneously (B), or OGA followed 3 min later by K-252a (C). The quenching of pyranine fluorescence due to H202 production was then continuously followed by spectrofluorimetry.
of H202 generated (data not shown). Furthermore, addition of inhibiting concentrations of K-252a during an ongoing burst terminated the burst (Fig. 2) . These data suggest that continual protein phosphorylation is required for the oxidative burst.
Inhibition of the Oxidative Burst by Staurosporine. To confirm the K-252a inhibition data, we examined the effect of staurosporine, another serine/threonine kinase inhibitor, on the same defense response. Staurosporine has been shown to inhibit mammalian kinases, as well as plant kinases (9) . As shown in Fig. 3 , staurosporine inhibits H202 production in a dose-dependent manner with an IC50 -0.9 ,iM. As with K-252a, staurosporine could completely inhibit the burst. Similar results have been obtained by Schwacke and (27) in monitoring other defense responses. Calyculin A and okadaic acid have frequently been used to distinguish between involvement of protein phosphatase 1 and 2, as calyculin A is more effective than okadaic acid in inhibiting protein phosphatase 1 (28) . Our results may suggest that phosphatases involved in regulation of the H202 burst may be more closely related to protein phosphatase 1. Another interesting observation is that the burst induced by (Fig. 6 ). These polypeptide bands could represent proteins crucial for the oxidative burst.
DISCUSSION
In this paper we have provided evidence for the involvement of protein phosphorylation in the rapid oxidative burst. We have shown that the protein kinase inhibitors K-252a and staurosporine inhibit the burst at IC50 values comparable to those obtained for other plant defense responses (9) . We have also shown that phosphatase inhibitors can induce a burst in the absence of an elicitor. Since addition of phosphatase inhibitors should lead to elevation of the level of the phosphate content of constitutively phosphorylated proteins, it would appear that an increase in phosphorylation of some proteins may be sufficient to induce the burst and that the kinases involved in the burst are constitutively active. Furthermore, on the basis of the requirement of Ca2+ for the oxidative burst (26) , it is conceivable that some of the kinases involved are Ca2+-dependent kinases. Some of the proteins identified in the autoradiograph could be those essential to the oxidative burst.
While characterization of the elicitor-induced phosphorylation events in cultured soybean cells is admittedly scanty, a few comparisons with the roles of kinases and phosphatases in the neutrophil oxidative burst can still be drawn. As in soybeans, the neutrophil burst is inhibited by serine/threonine kinase inhibitors (29) . However, in the neutrophil system at least one signaling pathway involves the activation and migration of protein kinase C to the membrane prior to start of the burst (29) . While Ca2+-dependent protein kinases are present in plant cells (30) , if their participation in the oxidative burst is required, they must be constitutively active, since our data shows that simple inactivation of phosphatases can independently elicit the burst. Such induction of the burst by phosphatase inhibitors is not seen in neutrophils (31) .
As noted earlier, the plant oxidative burst has been shown to be under control of G proteins and phospholipase C. In this paper we have demonstrated that changes in protein phosphorylation can also control the burst. Questions regarding the chronological order of these signaling events still remain to be addressed. Nevertheless, identification of several transduction intermediates has now allowed us to obtain handles on the signaling cascade that should permit elucidation of the second messenger chronology by the judicious use of inhibitors.
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